mations by selective deposition of gold nanoparticles is a novel approach. The local dose enhancement opens the way for therapeutic gain which in turn could lead to improved obliteration rates and/or a shorter latent period.
Introduction
Radiosurgery is a well established therapeutic option for cerebral Arterio Venous Malformations (AVM), but the successful outcome is influenced by the AVM volume, its location, and the radiation dose that can safely be administered. There is always a latent time post radiosurgery until complete obliteration occurs. This latent time occurs with photons as well as with proton irradiation. Therapeutic response is dose related with higher doses increasing the obliteration rate. Only complete obliteration is considered as a cure, but this is difficult to achieve for large AVMs with present radiosurgical techniques. To improve the results for large AVMs, the use of gold nanoparticles as radiation dose enhancers is explored.
The use of gold in medicine can go back to the ancient Egyptians but its use in modern medicine started in the 19 century with Robert Koch using it as a bacteriostaticum for the tubercle bacillus. Subsequently Laude used gold to treat the symptoms of Rheumatoid Arthritis (RA) in 1927, and Forestier showed beneficial results in RA patients [1] . Although the use of gold in clinical practice has declined significantly over the last 2 decades, the rapidly expanding science of nanoparticles (NP) has revived interest in gold (Au) in the form of NPs. Gold nanoparticles (AuNP) are only one form of nanoparticles that have been investigated as carriers for therapeutic agents and for diagnosis, the field of "Theranostics" [2] . Nanoparticles exert their effect by either entering the cell or by attaching to the cell membrane surface, and have been extensively studied for their oncology treatment potential [3] - [22] . By definition nanoparticles range in size from 1 nm = 1 × 10 -9 m to 100 nm [12] . A large number of substances can be made into NPs, and their medical use includes drug delivery, photo thermal agents, contrast agents and radio sensitizers [13] . Metallic NPs can be made from a number of metals amongst them gold. The pharmacokinetics of metallic NPs depend on the particle type, size, surface charge, surface coating, protein binding, exposure route, and dose [14] . Absorption through skin or after oral administration is poor and the most effective way of administration is by intravenous injection [14] .
AuNPs can be manufactured into a variety of shapes such as nanospheres, nanorods, nanobelts, nanocages, nanoprisms and nanostars [4] . The chemical, optical and electromagnetic properties of AuNPs are strongly influenced by their size and shape. Differences in size, shape, and surface properties are manipulated for specific therapeutic purposes [15] . Gold is very biocompatible and especially attractive as a radiation enhancer due to its high Z, equaling 79, a favorable characteristic for interaction with photons, electrons and protons. This interaction generates much localized secondary radiation. The resulting Dose Enhancement Factor (DEF) varies with the energy and type of the incoming radiation and is most pronounced with kilo voltage photons, but happens also with Mega Voltage (MV) photon radiation and with protons [6] - [11] [21] [22] . Here, for the sake of brevity, we use the term "DEF" to describe the physical dose enhancement factor; such terminology was used by Robar et al. [24] and Lin et al. [21] . Gold nanoparticles deposited in the AVM at the time of irradiation have the potential to improve the outcome of AVM radiosurgery based on this localized radiation dose enhancement effect. A reduced latent time due to this additional dose would have a significant clinical impact seeing that patients are at risk for a hemorrhage as long as the AVM is not completely occluded. The rationale for therapeutic gain in AVM radiosurgery by using AuNPs is considered below.
Study Methods
The literature was researched (PubMed) using the keywords: nanoparticles, radiosensitization, photon, proton beam, and angiogenesis. The results of these searches were used to compile the theoretical basis for the novel concept of "nanoparticle enhanced radiosurgery". The role of angiogenesis and its regulation via vascular endothelial growth factors acting on cell membrane receptors was investigated as a method to selectively concentrate
gold nanoparticles in the AVM. Analytical calculations of DEF in the vicinity of AuNP were performed. In these calculations, the computer simulation results available in literature were used.
Gold nanoparticles as radiation dose enhancers a) Photon irradiation For X-rays, metallic NP radio sensitization results mainly from the photoionization of the metal [2] [3] [7] [10] [16] . This photoionization generates photo electrons and Auger electrons. Of greater clinical value is the radio sensitization with MV photons and although the ratios of the interaction cross-sections of Au and tissue components with such photons are much smaller than those for keV X-rays, Monte Carlo calculations have nevertheless shown a dose enhancement for MV photons. The enhancement is mainly due to the ionization of Au by the secondary photons and electrons generated by the MV photons passing through tissue [17] [18] . The results of some of the experiments indicate that catalytic [19] and/or biological [20] effects may also be important for photon irradiation.
b) Proton irradiation A radiation enhancing effect also takes place with proton beams [11] [21] [22] [24] [25] . The proton-AuNP interaction mainly produces Auger electrons with a very short range forming a dense cloud in the immediate vicinity of the surface of the AuNP [21] [22] . Compared to irradiation with photons, interaction with protons produces similar secondary doses within the first 10 nm from the surface of the AuNP, but tapers off quickly beyond that range and hence the "sphere of DEF" resulting from a proton-AuNP interaction has only an enhancing effect when the AuNP is either close to the cell's nucleus or in very close contact with the cell membrane [21] . The features of motion and distributions of chemically and, as a result, biologically active particles, arising in the vicinities of nanoparticles, may also be important. These features can have a strong effect on disappearance, or, in other words, recombination of such particles soon after their production [26] [27] . For example, the ionized nanoparticle will emit several electrons and, therefore, will acquire the positive electric charge of several absolute values of electron charge [28] . The electric field of this charge may separate positive and negative ions created in the tissue by the electrons emitted by the nanoparticle, thereby suppressing partly their recombination. As a result, at least the lifetimes of the positive ions arising in the vicinity of the nanoparticle will probably increase and, therefore, the biological effect of these ions.
Results

Theoretical calculations
As mentioned earlier the overall AuNP's radiosensitizing effect is determined by: size, concentration, radiation energy, catalytic, and biological factors. For dose enhancement with photons, Brun et al. [29] studied some of these parameters and found that the best results were achieved when using large AuNPs (50 nm), at a high molar concentration and with 50 kV photons. This combination showed a 6-fold dose enhancement over controls. The strongest enhancement is with kV energies with theoretical calculated DEF's in the range of 1.6 to 7.2 [30] .
The secondary radiation produced by the interaction between photons and AuNPs consists mostly of photoelectrons and their range extends up to hundreds of microns, well beyond the dimensions of the individual endothelial cells. Only a small fraction of their energy is deposited in the immediate vicinity of the surface of the NP. Small amounts of Auger electrons of low energy are also produced with a range of <1 µm and hence most of their energy is deposited very near the surface of the NP. Additional factors that affect indirectly the AuNPphoton interaction are the field size of the beam and the use of flattening free filters. Small field sizes reduce the dose enhancing effect as they contain a lower component of "soft X-rays". For field sizes smaller than 3 × 3 cm 2 the primary beam is the main contributor of dose [31] and hence one would not expect a difference between treatment with very small beams (Gamma knife ® or Cyberknife ® ) versus Linac micro-multi leaf beams. The presence of a higher component of "soft X-rays" in flattening filter free beams also enhances the DEF [31] . (nanoparticle radius) 2 ] corresponding to passage of one proton through the nanoparticle. Lin et al. [21] In vivo results Studies on tumor growth retardation in mice after proton irradiation + AuNPs confirm a major benefit from this combination. Kim et al. [11] used gold and iron nanoparticles in proton therapy of tumors in mouse legs and flanks. For the experiments with tumors in mouse legs, the plateau part of the beam was used and both the proton kinetic energies k ε and the efficiency of the use of NPs were higher. This and the increases in the ratios of the stopping powers of gold and iron to w S with k ε [33] indicate that the efficiency of the use of AuNPs and other NPs in proton therapy increases with k ε [34] . This improved radiobiological effect was interpreted as the result of an increase in secondary electron production and an increase in Reactive Oxygen Species (ROS) [11] . The catalytic and/or biological effects as mentioned earlier for photons may also play a role in proton therapy. The examples of Dose Enhancement Factor results for endothelial cells and for tissue in close proximity of the AuNP are presented in Table 1 . 
Discussion
The best treatment for cerebral AVMs remains microsurgery because it offers immediate protection against hemorrhagic events, and offers a cure although recurrences have been documented [35] [36] . Radiosurgery is a well established alternative to surgery with the best results being obtained in small AVMs located in non-eloquent areas. Therapeutic response is dose related with higher doses increasing the obliteration rate. However radiation doses successful for small AVMs, become increasingly difficult to apply safely with increasing AVM volume, greater shape complexity and eloquent location. In radiosurgery of AVMs the primary target are the endothelial cells. Their cell death triggers the events that lead to obliteration [37] . Endothelial cells are very flat, are about 1 -2 µm thick and some 10 -20 µm in diameter with a very thin cell membrane (7 -10 nm) [18] . Exploiting the DEF resulting from the interaction with radiation and AuNPs has the potential to achieve therapeutic gain with AuNPs in AVM radiosurgery. However in order to achieve this, selective AVM endothelial cell AuNP accumulation is essential. The biodistribution of unmodified AuNPs is dependent on their size. Small AuNPs (5 nm) can cross the blood brain barrier [38] . AuNPs of 11 nm do not cross the normal blood brain barrier but are able to cross the blood tumor barrier [39] . AuNPs of 50 nm are the most readily absorbed by cells and provide the best results in terms of secondary radiation when exposed to photons [1] [39] . In tumors passive selective accumulation can be achieved by AuNPs entering the tumor tissue through "leaky" abnormal tumor blood vessels. This accumulation can be further improved on by linking AuNPs to specific tumor antigens such as Herceptin ® [39] . Circulating "naked" AuNPs can enter AVM as well as normal endothelial cells and although an intracellular location is desirable, this approach offers little potential for achieving a differential AuNP concentration between the AVM and normal vessel endothelial cells. On the other hand, opting for a luminal cell membrane location by linking the AuNP to a membrane receptor antibody makes selective AVM endothelial cell adherence possible [4] [40] . Endothelial cell membrane receptors have been studied extensively because angiogenesis is driven by endothelial cells stimulated by receptor activation [40] . Angiogenesis and its blockage has been the focus of intense study in oncology resulting in a multitude of drugs now available to treat a variety of tumors. A human IgG1 mAb (Ramucirumab ® [IMC-1121B]) that selectively binds to VEGFR2 receptors and blocks the VEGFR2 signaling pathway has been developed as an angiogenesis inhibitor for cancer therapy and has shown clinical activity in tumors, including gastric cancer, with a favorable toxicity profile [41] . Ramucirumab® has been FDA approved for patients with advanced gastro esophageal cancer [42] . A VEGFR2 antibody-AuNP complex attaching itself on the VEGFR2 cell membrane receptors can concentrate AuNPs on the luminal endothelial cell surface. VEGFR2 receptor membrane distribution has been studied using an anti-VEGFR2-albuminGd-DTPA probe whereby the receptor distribution in tumors could be assessed [43] . Human brain AVM endothelial cells express VEGFR2 differently than normal brain blood vessel endothelial cells, and an over expression of VEGFR2 receptors is generally found [44] - [46] . Other endothelial receptors have also been studied; the Tie receptor is up regulated in vascular malformations compared to normal vessels [47] , and ephrinB2 is strongly present in the arteries of AVM in humans, but not on endothelial cells from the normal superficial temporal artery [48] .
Therefore AuNP-receptor antibody complexes attached on the luminal cell membrane surface of AVM endothelial cells, combined with the range of the secondary radiation generated, exposes the intracellular contents to a "sphere of DEF" when the AuNP is irradiated. The distribution of a multitude of AuNPs on the cell membrane, each with its sphere of dose enhancing, and the geometric overlap of such spheres can therefore cause significant damage to the cells.
This effect would be influenced by the irradiation modality used. As described above, for photons the range of the secondary radiation originating from AuNPs located on the membrane surface is more than sufficient to cover the entire volume of the endothelial cell and interact with all its contents, amongst others the DNA in the nucleus (Figure 1) . For protons the sphere of DEF is very small and does not cover the entire volume of the cell. For an AuNP located on the cell surface, its effects are limited to the cell membrane itself (Figure 2) . This does not necessarily preclude causing lethal cell damage, because although for conventional dose/fractionation schedules the radiobiological effect is governed by DNA damage in the cell nucleus, for high dose/fraction schedules other mechanisms causing cell apoptosis are involved. A cell membrane initiated effect, independent of nuclear events, has been described whereby activation of the acid sphingomyelinase/ceramide pathway occurs after doses > 10 Gy, leading to apoptotic endothelial cell death [49] . Therefore protons could, in spite of the small radius of their DEF sphere, still offer therapeutic gain with cell membrane located AuNPs on condition that a sufficiently high radiation dose is applied.
Of interest is also the observation that VEGFR2-antibodies on their own, when attached to the cell membrane receptors at the time of irradiation have a radio sensitization effect on endothelial cells [50] .
The role of angiogenesis in AVMs and the potential role of anti-angiogenic therapy as a therapeutic intervention are under investigation [51] [52] . A VEGFR2 blockade achieved with antibody-AuNP complexes as described above has the potential to enhance the apoptotic processes in endothelial cells, thereby intensifying and speeding up the obliteration process. This would be of major clinical significance for patients not able to undergo surgery as they are at risk for a new hemorrhagic event during the post radiosurgery latent time period which lasts until the AVM is completely occluded.
Conclusion
The concept of nanoparticle enhanced stereotactic radiosurgery is new. By exploiting the role of angiogenesis in AVMs, possible mechanisms open up to selectively target AuNPs onto AVM endothelial cells. The presence of AuNPs at the time of irradiation creates a site specific dose enhancement within the AVM itself. This approach to improving AVM radiosurgical results needs further research, but if feasible, AuNPs would be worth their weight in gold.
